Smoking is a known risk to wound healing, but whether electronic cigarettes present the same risk remains unknown.
S moking is a known risk to wound healing. [1] [2] [3] [4] [5] [6] Whenever possible, surgeons recommend smoking cessation for several months prior to a surgical procedure and often modify surgical technique for people who are active smokers. 7 Vaping involves inhaling the vapor of an often flavored, nicotine-containing liquid from a battery-powered vaping pen or electronic cigarette (e-cigarette). 3 Vaping creates a heavy mist, but it has been presumed to be safer than cigarette smoking and even considered a potential path to smoking cessation because it does not use tobacco in the process. However, few studies have examined whether e-cigarette vaping is safer than traditional cigarette smoking, especially in the perioperative period.
Vaping is gaining popularity among youth, first-time, and current smokers; however, evidence of its safety, particularly its association with wound healing, 8, 9 is inadequate. Current literature suggests that e-cigarette fluids, although they may have a decreased total number of chemicals compared with cigarettes, contain higher levels of established carcinogens, such as formaldehyde. 8 The US Food and Drug Administration, which analyzed e-cigarettes, found that the fluids contain many other chemicals known to cause cancer, such as diethylene glycol. 8 Other studies show that vaping pens can release heavy metals, chemicals, and glass particles, which are found in the welding material and tubing for the device. 10, 11 Manufacturers of ecigarettes have not published a complete list of compounds that make up the various e-cigarette fluids. The unfavorable association of traditional cigarette smoking with wound healing and flap viability has been well documented.
2,4-6,12-14 However, the literature on how ecigarettes affect wound healing and flap viability is lacking. In response to the call by the Food and Drug Administration for more research on e-cigarettes, 15 we examined the association of e-cigarette vaping with wound healing in rats and compared this cohort with rats exposed to traditional cigarettes and with a negative control group. Specifically, our study used random flap necrosis as a model for wound healing, as did previous studies that examined wound healing in rats. 2,6,14 Random pattern flaps are areas of skin that receive blood supply from cutaneous vessels, unlike axial flaps that receive blood from named arteries. Healing of random pattern flaps has been found to be impaired by the use of cigarettes in both human and murine models. 2, 5, 6, 14 This impaired healing has been associated with the vasoconstrictive actions of nicotine. 12, 14 However, no studies have been conducted on whether e-cigarettes similarly reduce the viability of these flaps. In this context, the primary goals of our study were (1) to detect a difference in the rate of flap necrosis (expressed as a continuous variable in the form of a percentage) between the experimental group (e-cigarette vapor-exposed) and the negative control (unexposed) and (2) to detect a difference in the rate of flap necrosis between the positive control group (traditional cigarette smoke-exposed) and the negative control.
Methods
This study was conducted from March 10, 2018, to May 4, 2018, at Boston University School of Medicine (Massachusetts). The
Boston University Institutional Animal Care and Use Committee approved the protocol for this study. Forty-five male Sprague-Dawley rats, weighing approximately 100 g at the beginning of the study, were randomized into 3 groups: negative control (n = 15), experimental (exposed to e-cigarette vapor; n = 15), and positive control (exposed to traditional cigarette smoke; n = 15). SpragueDawley rats were chosen because this species has a known pharmacokinetic model for calculating equivalent levels of nicotine and cotinine concentrations in humans. 1, 16 Exclusively male rats were used because the presence of estrogen is known to enhance flap viability.
14 Our exposure protocol was based on previously employed methods described by Karayel et al 13 and Manchio et al. 14 Rats in the experimental group were exposed to e-cigarette vapor and rats in the positive control group were exposed to traditional cigarette smoke by being placed into a smoking chamber for 30 minutes twice a day for 30 consecutive days. The smoking chamber was a modified anaerobic box chamber ( 14 Cigarettes (Marlboro Gold; Philip Morris International) were used for the positive control group. Electronic cigarettes (Blu [Imperial Brands PLC; this brand was selected because it is the most common brand of e-cigarettes, holding approximately 45% of the market share 3 ) with fluid containing 24 mg/mL (or 2.4%) nicotine were used for the experimental group (to convert to micromoles per liter, multiply by 6.164).
To determine the effective exposure of the animals to the smoke or vapor, we checked the serum cotinine levels with an ELISA test kit (Calbiotech; Calbiotech, Inc). Serum cotinine levels were monitored for 3 consecutive days at the start of the exposure and then twice a week using a cotinine ELISA kit to ensure comparable levels and exposures between the smoking and vaping groups. Continued exposure to cigarettes and vapor resulted in serum cotinine levels between 150 ng/mL and 200 ng/mL for both positive control and experimental groups, with the day-30 mean (SD) cotinine level before the surgical procedure being 168.3 (8.0) ng/mL for the positive control group and 178.4
Key Points
Question Is electronic cigarette vaping associated with random pattern flap viability in rats as is traditional cigarette smoking?
Findings In this cohort study involving 45 rats, the rate of flap necrosis was not significantly different between rats exposed to cigarette smoke and those exposed to electronic cigarette vapor. Both groups had considerably more necrosis than rats that were unexposed.
Meaning Exposure to vapor and smoke may be equally detrimental to random pattern flap viability, suggesting that vaping should not be seen as a better alternative to smoking in the context of wound healing.
(10.2) ng/mL for the experimental group ( Table 1) . Serum cotinine levels of 150 to 200 ng/mL were maintained because these levels have been shown to be equivalent to humans smoking approximately 1 pack per day 1, 16 (To convert to nanomoles per liter, multiply by 5.68).
At the end of 30 days, we raised a random pattern flap on the dorsum of all animal subjects. The rats were anesthetized with isoflurane and placed prone on the operating table. The dorsal hair was shaved, and the surgical field was cleaned with povidone-iodine (Betadine; Purdue Pharma LP). A standard rostral MacFarlane 3-cm by 9-cm flap was created, including all skin layers to the underlying fascia. 13, 14 The flap was reapproximated to the original position using skin staples (Figure 2) . The rats were kept in separate cages for 2 weeks after the procedure. Flaps were monitored on a daily basis for viability and necrosis. A flap's viability or necrosis was determined by its appearance, turgor, and capillary refill, as described in a previous study (Figure 2 ).
6,17
After 2 weeks, all rats were anesthetized with isoflurane and placed prone on the operating table. A digital single-lens reflex camera (Canon EOS Rebel T3i; Canon) was used to obtain images. OsiriX, version 9.5 (Pixmeo SARL) medical imaging software was used to determine the percentage of flap necrosis by precisely delineating between viable and nonviable tissues. (See eFigure in the Supplement for the study flowchart.)
Statistical Analysis
Multiple comparisons of percentage dorsal flap necrosis were done with a 1-way analysis of variance. Subsequent post hoc analysis for pairwise differences between groups used an unpaired 2-tailed t test with a Bonferroni correction to account for multiple comparisons (α<.02). All other significance levels were carried out with a 2-sided P < .05. Graphs were created and statistical analyses were performed on Microsoft Excel, version 16.16.1 (Microsoft), with the mean and SE of the percentage of dorsal flap necrosis provided. a Serum cotinine levels were determined on the basis of saphenous vein blood collection and subsequent cotinine ELISA testing at various time points for 5 randomly selected rats. The goal was to stabilize cotinine levels in the experimental (exposed to e-cigarette vapor) and positive control (exposed to traditional cigarette smoke) groups between 150 ng/mL and 200 ng/mL (approximately 1 pack of cigarettes per day). 
Results

Overview
All 45 rats survived the surgical procedure and postoperative recovery, and all rats thrived and gained weight over the course of the study. Flap size remained constant across the 3 groups, with similar number of staples used in similar locations to hold the flap in place. Early attempts at autophagy of the dorsal flap were observed in all 3 groups during the recovery period and were prevented with head cones. Physical characteristics of the rat cohorts are included in Table 1 .
Dorsal Skin Flap Necrosis
As intended by their design, all flaps demonstrated some degree of necrosis after 2 weeks. The highest level of flap necrosis was found in the positive control cohort (exposed to cigarette smoke), with a mean (SD) of 68.7% (8.6%), followed by the experimental cohort (exposed to e-cigarette vapor) with a mean (SD) of 65.9% (11.8%); the negative control cohort (unexposed) had the least amount of flap necrosis, with a mean (SD) of 50.8% (9.4%) ( Table 2 ). The percentage of flap necrosis in the negative control rats (95% CI, 46.0-55.6; P < .001) was substantially lower than that for both the positive control rats (95% CI, 64.3-73.0; P < .001) and the experimental rats (95% CI, 59.9-71.8; P < .001) ( Table 2 and Figure 3) . No statistically significant difference in flap necrosis was observed between the rats in the experimental cohort and the rats in the positive control cohort (95% CI, 59.9-71.8 vs 95% CI, 64.3-73.0; P = .46) (Figure 3) .
Discussion
Recognizing the paucity of data regarding the association of e-cigarettes with human physiology, researchers have examined induced gene expression on cells exposed to traditional cigarette smoke and e-cigarette vapor. Changes in gene expression associated with oxidative stress and apoptosis, among others, were found to be higher in the group exposed to traditional cigarette smoke compared with the group exposed to e-cigarette vapor. 18 Initially, this finding may indicate that ecigarettes are less harmful overall than traditional cigarettes, but the implications of e-cigarettes for wound healing and patient outcomes remain unknown. Most of these studies point to the vasoconstrictive and immunogenic properties of nicotine as a factor in tissue ischemia and poor reconstructive surgical outcomes. 13, 14 Therefore, e-cigarettes, many of which use fluids with equal or higher concentrations of nicotine than con- tained in traditional cigarettes, could also affect wound healing in a deleterious manner. To our knowledge, this study is the first to examine the association between e-cigarettes and wound healing. We found a substantially higher rate of flap necrosis in rats exposed to e-cigarette vapor and cigarette smoke when compared with unexposed rats. The exposed groups had the same degree of flap necrosis at similar nicotine levels; no substantial difference in wound healing was found when comparing the 2 groups, and no substantial difference in serum cotinine levels was observed. Because of the high variability in vaping brands, little data exist that compare the cotinine levels in typical vaping usage with standard cigarette usage, but Pulvers et al 19 found that the cotinine levels of cigarette smokers who switched to vaping remained the same after switching. This finding has clinical relevance for controlling cotinine, as smokers who use e-cigarettes as a healthier alternative would likely receive the same nicotine dose compared with traditional cigarettes. Our findings support the theory that, regardless of the delivery system, nicotine reduces wound healing. We speculate that nicotine, because it affects cutaneous and microvascular blood distribution, is associated with flap necrosis. This study shows a statistically significant association between flap necrosis and exposure to vapor and smoke but no association with nonexposure. The baseline mean (SD) rate of necrosis in the negative control group was relatively high at 50.8% (9.4%). Previous studies in this area that used models similar to ours have reported necrosis levels between 15% and 30%. This higher rate of flap necrosis among the negative controls in our study could be attributed to the flaps being rostrally based instead of caudally based, as seen in other investigations. 14 The behavioral patterns of the rats combined with the relatively small sample size (n = 15) could have also contributed to the higher percentage of flap necrosis. Future studies in rats with larger sample sizes and that correlate the percentage of flap necrosis with gradients of e-cigarette exposure should be conducted to further validate the results from this study. In addition, clinical studies of reconstructive surgical outcomes for patients who use e-cigarettes should be done to expand on the issues brought up in this study.
Limitations
The limitation of this study relates to the generalizability of results from the rat species to humans. Although the Sprague-Dawley rat is a verified pharmacokinetic model for cigarette smoking in humans, it has not been verified for e-cigarette vaping. However, the marker of nicotine exposure, serum cotinine, was able to be reliably measured and tracked. This study used commercial cigarettes and e-cigarettes instead of a standardized research alternative. However, this alternative does not exist for e-cigarettes; although theoretically nicotine levels could vary from pack to pack of cigarettes, the serum cotinine levels were stable.
Conclusions
This study demonstrates that e-cigarette vaping appears not to be safer than cigarette smoking in the context of wound healing and that both types of exposure appear to adversely affect healing from a surgical procedure. Surgeons are advised to appropriately counsel their patients and to regard those who use e-cigarettes as having equivalent perioperative healing risk as those who smoke cigarettes.
